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Abstract 
A C-54Q aircraft equipped with meteorological instruments was flown 
three times to India to participate in the International Indian Ocean Ex-
pedition. Flights were made out of Bombay , GanD and Aden to observe winds , 
temperatures, humidities, clouds, radiation, carbon dioxide, tritium, 
turbulence , and turbulent fluxes of heat, water vapor , momentum and kinetic 
energy. The present paper reports the values of 405 measurements of the 
turbulence and turbulent fluxes and interprets them in terms of the mon-
soon circulation and the effect upon currents and temperatures of the 
Arabian Sea. Analyses of other data have been reported and interpreted 
elsewhere. 
The aircraft turbulence measuring system used was developed earlier 
by Bunker (1955) (1960). It consisted of a vertical accelerometer , a 
strain-guage air-speed transducer , a vertical gyro , a platinum wire 
thermometer and a microwave refractometer for humidity measurements. The 
data was recorded on a nine-channel oscillograph. A digitizing reader 
was used to read and punch the data on cards. The turbulent quantities 
and fluxes were computed and tabulated by machine . The accuracy and limi-
tations of the system are discussed. While much is left to be desired in 
terms of accuracies and spectral range, the results are meteorologically 
useful and comparison shows good agreement with other techniques. 
Graphs are presented which show the vertical variation of the turbu-
lence, fluctuations of temperature and humidity, sensible and latent heat 
fluxes and shearing stresses for both the northeast and ·southwest monsoons. 
The atmosphere of the southwest monsoon is more turbulent than the north-
east monsoon air. Average root-mean-square vertical velocities generally 
range between 30 to 40 em sec-1 in the northeast monsoon air and between 
40 to 60 em sec-1 in the southwest monsoon air. The turbulent velocities 
decrease with height to about 20 em sec-1 at 2 to 4 k~i except in cumulus 
clouds where one root-mean-square value of 174 em sec was encountered. 
The sensible heat flux is small and directed downward during both seasons 
at all heights except in the lowest 30 meters of the northeast monsoon 
air. The latent heat flux is directed upward in both seasons. It 
averages about 3.1 meal cm-2 sec-1 in the 1owest .; layers.::of .. t he northeast 
monsoon and 1.6 meal cm-2 sec- 1in the southwest monsoon. This is the 
equivalent of about 0 . 4 and 0 .2 em day-1 evaporation of water. Shear ing 
stresses measured in the lowest layers during the northeast monsoon 
averaged less than 1 dyne cm- 2. The stress in the lowest layers during the 
southwest monsoon averaged about 3 dynes cm-2. 
Charts and tables are presented to show the regional variation of 
the turbulence and the fluxes. The air over the western part of the 
Arabian Sea during the southwest monsoon is more turbulent and shows 
greater variability than the eastern Arabian Sea. Frequent negative water 
vapor fluxes were observe d west of 65 E. Dew-point temperature gradients 
observed from the R/V Atlantis II frequently changed from negative to 
positive in this region. The flux measurements i n conjunction with the 
gradient observations are i nterpreted to mean that large s cale intrusions 
of dry air displaced the moist surface air , thereby causing negative small-
scale fluxes aloft, but increased evaporation from the sea surface . 
Regional variations are discussed i n terms of wind strength , atmospheric 
stability, sea t emperature, scale of motion and convergence patterns of the 
air. 
-2-
It is demonstrated that the sensible heat flux has little or no 
effect upon the monsoon circulation of either season. The latent heat 
flux increases the strength of northeast monsoon circulation by furnish-
ing energy to the equatorial convergence regions of the Indian Ocean. 
The evaporation of water from the Arabian Sea increases the rainfall 
over India and feeds energy into the southwest monsoon circulation. The 
stres s of the wind off the Somalia coast causes upwelling of cold water 
which indirectly, through thermal winds, produces convergence and showers 
off the west coas t of India. 
I . Meteorological Background and Aircraft System of Turbulence Measurements 
A. Meteorological Background 
The International Indian Ocean Expedition was organized to study the 
oceanography and meteorology of the Indian Ocean. This ocean was selected 
for study because of the unique large-scale monsoons that occur during the 
summer and winter seasons and their interaction with the ocean currents 
and temperatur es. During the summer season the winds blow strongly and 
steadily from the southwest into India and Asia, creating strong currents 
in the Arabian Sea and heavy rainfall over the land. In the winter the 
winds blow lightly out of Asia over the Indian Ocean and gener ally clear 
skies prevai l . To study these phenomena and their interrelations, many 
research vessels, aircraft, l and and island stations were uti l ized by many 
nations to obt a in observations . 
The Woods Hole Oceanographic Institution flew a C-54Q research air-
craft, loaned by the U.S. Navy through the Office of Naval Research, to the 
Indian Ocean in 1963 and 1964. From this aircraft, observations were made 
of t emperature and humidity, wind velocity, solar radiation and albedo, 
cloud types, heights and amounts, turbulence and turbulent fluxes of heat, 
water vapor and momentum. The flight paths flown during the 1964 trips 
are presented in Figure 1. 
Most of the r aw data has been reduced to meteorological parameters 
and distributed to investigators conducting studies on the monsoons. 
Several papers have been published using observations obtained from the 
a ircraft. See, for example, Miller and Keshavamurthy (1967), Bunker and 
Chaffee (1968), Bunker (1967), Sri vastava and Ronne (1966), Bunker (1965), 
and Ramage (1968). 
This report presents 405 values of the turbulence and turbulent fluxes 
computed f r om the aircraft observations. The values are averaged both 
geographically and vertically and related to the observed gradients and 
winds. Comparisons of the fluxes have been made with the fluxes of the 
Univer sity of Washington group and the values found by the I nternation 
Meteorological Centre from ship observations. Useable turbulence data was 
obtained only during the second and third flights of the C-54Q to the 
Indian Ocean. During the northeast monsoon, 172 one-minute series of turbu-
l ence observations were made. During the southwest monsoon, 233 series 
were made. 
B. The Aircraft-acceleration Technique of Measuring Turbulent 
Vertical Velocities 
The technique developed by Bunker (1955) ( 1960) to measure the verti-
cal component of atmospheric turbulence and the turbulent fluxes of heat, 
water vapor and momentum was used during the IIOE flights of the C-54Q. 
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The instrumentation used was essentially as described in the two quoted 
papers. A Kearfott vertical gyro replaced the C-1 gyro used previously. 
A micro-wave refractometer was used to measure the rapid fluctuations of the 
water vapor content of the air . 
The system allows the computation of the vertical velocity of the air 
from the following equation: 
2 ~· = a._l1n/jY-bftY /!'V - Y~ DLat.t: 
+2:~nAt Q (1) 
Here ~n is the deviation of the measured vertical acceleration of the air-
craft from a line of regression; ..:1 V is the deviation of the indicated air-
speed from its line of regression; and~~~is the deviation of the measured 
attitude of the aircraft from its line of regression. All the lines of re-
gression are least-squares fits to a straight line over the observing period. 
All runs were 1 minute long and measurements were made each fifth of a second . 
V is the true air-speed of the aircraft; /) , the air density; At the 
measuring interval of 1/5 second. The constants ~ and b are values deter-
mined by the wing area, mass of the aircraft, the change in lift of the 
wings with angle of attack, and the gravitational acceleration. 
The observations were recorded by a nine channel oscillograph on a 
5 inch chart. The records were measured by a chart reader which digit i ze d 
the readings and punched them on cards. The cards were fed into a computer 
which computed the lines of regression, determined the deviations from the 
lines of regression and solved the vertical veloc ity equations. Individual 
values of the vertical velocity were printed out and the root-mean-square 
value given. Records of the indicated air-speed, temperature of the air , 
and the refractometer output were treated similarly. The transport of hea t , 
water vapor and momentum were computed from the following equations : 
H cp t=> I»'' T' (2) 
f - L w· ~ (3) -
T 
-
-~J»'u' (4) 
c. Limitations and Errors of the Measurement and Computational Systems 
The turbulence measuring system has limitations and errors that s hould 
be understood before the results are interpreted. Ideally , the turbu l ence 
system should have had a high precision inertial navigation unit as its 
reference to give records of the exact attitude, speed and accelerations of 
the aircraft. Since one was not available for the IIOE , inexact instruments 
had to be used, and the effects of their shortcomings minimized by the method 
of reduction of the records. The two most serious faults of the system used 
are (1) inexact values of the attitude of the aircraft given by a vertical-
seeking gyro and (2) the lack of a measure of the ground-speed of the air-
craft. To minimize the errors arising from these de ficiencies , only 1- minute 
units of 5-minute to 45-minute turbulence r uns were reduced, deviations 
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from a line of regression obtained, and used in subsequent calculations . 
It was anticipated that a recording of the ground speed indicated by a 
Doppler radar set would give a valid series of ground-speeds. It was 
found, however, that the set was unstable and the output signal oscillated 
randomly while hunting for the true value. The assumption was made, 
therefore, that the ground-speed of the aircraft was either constant or 
varied linearly during the one-minute runs. The horizontal turbulent 
components of the wind were accordingly defined as the deviation from the 
line of regression of the indicated air-speed. 
Other errors entering into the calculations are the usual ones of 
calibration errors of the sensors, instabilities of the bridge circuits, 
reading errors and other errors common to instrument systems. These 
errors combined are small (probably less than 5 percent) in comparison to 
the inaccuracies just described. 
One result of using records with a length of 1 minute and deviations 
from a line of regression is to lose any information that might be con-
tained in the records about the longer period fluctuations of the atmos-
phere. Thus, for an airplane flying 80 m per second, the length of run is 
4800 m and the contributions to the fluctuations by wave-lengths greater 
than about 2400 m are lost. While flying at low levels in the boundary 
layer of the atmosphere most of the fluctuation energy is contained in 
wavelengths smaller than 2400 m and the statistics may be expected to 
represent approximately 80 percent of the fluctuations. As the aircraft 
altitude is increased, a smaller proportion of the energy is contained 
in wavelengths less than 2400 m and hence the turbulence values are less 
meaningful. 
A comparison of the water vapor fluxes found by Fleagle, Badgley and 
Hsueh (1967) over the Arabian Sea with values found by the present technique 
verifies that the aircraft technique does not measure all of the flux. 
The flux of water vapor measured by the aircraft system averaged 60% of 
the flux measured by the integral method and 75% of the value found by the 
profile method. Previously (Bunker, 1960) it was shown that the aircraft 
technique gave values 25% smaller than the Jacobs (1942) bulk aero~dynamic 
formula. 
The aircraft covariance system showed a much great er spread in the 
individual values than the other methods. This greater variation results 
from the small samples measured and large scale variations in the atmosphere. 
When the aircraft measurements are interpreted in conjunction with ship 
observations of the low-level water vapor gradients the processes operating 
in the atmosphere can be deduced. This point is discussed later with regard 
to the moisture fluxes west of 65 E during the southwest monsoon. 
The errors of the system are difficult to estimate and have been the 
subject of much discussion in the past. Bunker (1955) estimated the cr-~ 
errors involved with the system used in a PBY- 6A aircraft and averaged 
over 30 seconds of flight to be· ± 2 em sec- 1 exclusive of aircraft deforma-
tion, phugoid motion, and unsteady lift. An error of± 5 percent is estimated 
if the phugoid motion is corrected for by subtracting 7-second averages from 
the individual values before computing the root-mean-square values. This 
correction, however, loses much of the low frequency energy of the atmos-
phere. Without the correction, the error may remain small or range up to 100% 
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if the aircraft has a strong phugoid motion. Telford and Warner (1962 ) 
have pointed out that this estimate may be unduly optimistic because the 
vertical-seeking gyro is influenced by horizontal accelerations of the 
aircraft. This point was discussed further by Bunker (1963) and Telford 
and Warner (1963). The magnitude of the error caused by horizontal accele-
rations cannot be estimated well because the Doppler radar did not give a 
useable record of the changes in the ground-speed of the aircraft. 
The errors of the present system installed in the C-54Q aircraft, 
averaged over 1-minute units, are undoubtedly greater than the errors 
produced by the PBY-6A system averaged over half a minute. 
While it is believed that the values of G;W- computed from the lines of 
regression and averaged over 60 seconds may be of the order of 10 percent 
accuracy, serious trouble arises in the computation of the shearing stress, 
-;o;u~ . It was found that the values of the stress did not change sign 
with the direction of the aircraft relative to the wind. That is, positive 
stresses were measured from the data obtained while the aircraft was flying 
upwind and downwind. The following averages were obtained during the third 
flight of the C-54Q aircraft to the Indian Ocean in 1964. 
TABLE A 
Averages of the Measured Stress 
Relative Wind Stress 
Head Wind 1,14 dynes cm-2 
Cross Wind 0.55 II 
Tail Wind 0 .38 II 
In the frictional boundary layer an aircraft flying ( a) upwind shou l d 
record a positive value, (b) crosswind should record a zero value, and (c ) 
downwind should record a negative stress. Hence , it is obvious that a 
hidden negative correlation is generated by the sensing ol reduction system. . 
The magnitude of this error in stress is about 0. 7 dy em- • With a <J:W;: U::U..=-5D 
em sec-1 a correlation coefficient of -0 . 3 is indicated, using the formula 
(5) 
Such a correlation could arise from several sources and reflect the 
basic accuracy of the determinations of the individual values of w' and u '. 
One possibility of error arises from the second term - b A V//; v~ ' of 
equation (1) used for the computation of the vertical velocity values. If 
there were a positive 10 percent e rror in the calibration of the air-speed , 
then the stress for a headwind would be increased by + 27% and for a tail-
wind it would be increased by + 6%. Checking the calibration does not re-
veal any such positive error. 
Another possible source of error in the stress computation investigated 
was the effect of an undetected change in the ground speed of the aircraft. 
A sinusoidal variation with a period of 60 seconds and an amplitude of 
1 m sec- was assumed. Considering only the effects of t(... _
1
: u./+AG~ 
where ..6 G <;; is the ground speed changes and messurw 
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).Q' = CL.Ll n - bu. rneasu..r-ed 
it is seen that AA..f u./error-- == - o.z A G s z d -2 
ler-ro'f"' :t.08 yne~ em 
This error is exactly the amount found to be the error in the stress 
from comparing headwind stresses with tailwind stresses. However, a 
sinusoidal w·ave of ground speed with an amplitude of 100 em sec-1 gives a 
root-mean- square horizontal velocity of 58 em sec-1 . Since the average value 
ofCi~for the 203 measurements made in the boundary layer was 53 em sec-1, 
a ground-speed variation of such a large amplitude could not have occurred. 
Approaching the problem empirically, it may be assumed that the difference 
between the~ and the~ represents the variation in u' caused by varia- · 
~ns in the ground-sP.eed of the aircraft. Since <Jw =- 44 em sec. -I and 
CJ..u.. : 53 em sec-~ cr<4s : ~ em sec._, t):le · error in the stress 
determination is .02 dynes cm-2; a negligible amount that does not explain 
the difficulty. 
If one evaluates the effect of the ground-speed accelerations upon the 
gyro and hence upon the w' values, it is found that~ should be 39 em sec-1 
rather than 44 em sec- 1• The~~ is the 14 em sec-1 and the s tress error + . 04 
dy cm-2• ThiLis still a negligible ~or. If O);U = (fii ::. e.9 em ~C.-I then 
the measured O::W is 11% high and the UM., is 26% high . 
An attempt to resolve the problem of the hidden correlation between w' 
and u' was made by modifying the computational procedure and recomputing 19 
runs . Twelve of the runs were tailwind runs with positive stresses. The 
other seven were headwind runs and crosswind runs. The computational proce-
dure was changed by first subtracting only the mean value ~ of 'the , raw . d'ata from 
the individual value$ rather:· than. :hnd;i.ng : 9-eViations hom ·a linear line 6f ·re-
gressl.on. Th~ individual. values :of ·wii .. Ui, Ti, :and qi were ·: then-' computed. 
Lastly, .· w•, u', T', and q' were found as deviations from (a) a linear line of 
regression and (b) a quadratic line of regression. The following table shows 
how the .computational changes modified the average · stresses. 
TABLE B 
Average Stresses Grouped by Relative Winds 
Computational System Tailwind Crosswind Headwind 
Standard 0.85 3.84 1.24 
Linear Reg. 0.41 3.75 1.91 
Quadratic Reg. 0.64 4.02 1.97 
It is seen that the stresses for tailwinds decreased while the 
headwind stresses increased. Since the tailwind stresses decreased as 
was hoped, and the headwind stresses increased as is reasonable, but not 
anticipated, it is concluded that the newer computational systems eliminate 
small, random, uncorrelated variations of w' and u'. Thus the systems give 
slightly better results , but the major , hidden correlation remains . 
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It is possible that a correction system could be devised that 
would improve the results by correcting for changes in the attitude of 
the accelerometer, gyro variations with some assumed form of the ground-
speed variations, flexing of the airframe, and other aerodynamic effects. 
Such an investigation would be costly and have a high probability of 
failure. Since ~vork on the design of a new observing system utilizing a 
high-precision inertial navigation unit has been started, it seems 
unprofitable to spend more time on devising the corrections and recom-
puting the present data. 
Based on the findings contained in Tables A and B, corrections 
could be made to the shearing stresses. First, the headwind stresses 
could be increased by 50% and the tailwind stresses decreased'by .50% to 
account for the uncorrelated variations of w' and u I • . Second; ·both ·the. 
headwind and tailwind stresses could be decreased by 0.78 dynes cm-2 to 
account for the hidden correlation between w' and u'. This correction 
has not been applied to the stress data contained in the following tables. 
Correcting them would imply a higher degree of confidence in the corrections 
than is justified. 
Since the headwind stresses would be changed only a small amount by 
applying the proposed corrections, it is recommended that they be accepted 
as measured . The crosswind and tailwind stresses are obviously wrong as 
measured, and should be discarded or corrected. If corrected, they should 
be interpreted and used with great care. 
In summary, the root-mean-square vertical velocities are estimated to 
have a probable error of about + 10 to 15 percent, exclusive of the energy 
lost by the limited frequency range of the system. The root-mean-horizontal 
velocities have a larger probable error, possibly + 20 percent, caused by 
the inclusion of ground-speed variations in the average. The stress values 
measured while flying upwind are estimated to have an error of about ± 50 
percent. The stresses measured downwind and crosswind have errors that 
exceed 100 percent. The root-mean-square temperature fluctuations are 
probably accurate to about 10 percent. The values of the specific humidity 
are not as accurate since the signal from the refractometer had to be 
corrected for the temperature and pressure fluctuations. The root-mean-
square values of the specific humidity are estimated to have a probable 
error of about 20 percent. Judging by the comparison of moisture fluxes 
obtained by Fleagle, et. al., (1967) with the aircraft fluxes, the overall 
accuracy seems to be in the 20 to 25 percent range except for that part of 
the flux lost by the limited spectral range of the aircraft method . The 
flux of sensible heat is assumed to be of the same order of accuracy and 
subject to the same limitations . 
II Tabulation of Fluctuation and Flux Data 
Values of the fluctuations and fluxes are presented in the following 
tables with supplementary information and identification. The data has been 
grouped by days. The first column gives an identifying number corresponding 
to the run number photographed on the oscillograph trace. The letters indi-
cate different one-minute sections of the run that have been measured. The 
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next three columns give the Greenwi ch time in hours and reinutes, the 
latitude and longitude in degrees and tenths of degr ees. The height of 
the run in meters i s given in the fifth column. The next four columns 
give the root-mean-square values of the vertical veloc ity,GlLr the 
horizontal velocity, UvL the temperature, Clf and the specific humidity~. 
These values are compute d from the deviations from linear lines of r egressio·n 
as described in the previous section. The column heade d Cp(>W'T' give s 
the flux of sensible heat in millicalories per square centimeter per 
second. The next column gives the flux of the latent heat of condensation 
of water vapor. The column is headed ~ W'1'' and the units are. the same 
as for the sensible heat flux. The colum_~ headed -~~~~· gives the 
shearing stress in dynes per square ce ntimeter. The letter H following a 
stress value indicates that the aircraft was f lying within 60° of the up -
ward direction. Any value not follo>;ved by an H should be accepted. with the 
reservations des cribed in the precedi ng section. The wind direc tion and 
speed are given in the next colum_~. The wind direction i s given to the 
neares t degree and the speed to t he nearest tenth of a meter per second. 
These values are e ither averages of several observations at the same l evel, 
or averages found graphically from v~!pes at the level and at several nearby 
levels. The co lumn headed({"wuXcos¢)is the stress corrected for t he angle 
between the aircraft headi ng · and the wind direction. A value labelled, 
ind., indicates an indefinite value because the airc raft wa s f l ying wit hin 
30° of the crosswind direct ion. The las t co lumn gives the flux of the 
turbulent kinetic energy in ergs per square cent imeter per second. Not 
all of the rows contain this value since this quantity was an after-thought , 
and added to the c omputer program after many of t he r uns were processed. 
The flux of energy was computed by f orming the average of m;a).o'r%)(u'2-t$3) 
Here it is assumed that y'2~d~and ~ 1 2 • 
III Vertical and Regional Variation of the Turbulence Parameters 
The values of the fluctuation and turbulence values pres ent ed in the 
preceding section are now grouped seasonal ly, vertically, and r egionally 
and discussed in relation to the gradients and the air f l ow patterns . The 
two seasonal divisions are ( 1) the northeast monsoon season and ( 2 ) the 
southwest monsoon season. 
A. Northeast Monsoon Turbulence Characteristics 
1. Meteorological Background 
During the winter months an intense high pressure cell is forme d 
over northern Asia by the cold air produced by radiational cooling. The 
air flows southwards over India and the Arabian Sea under the influence of 
the pressure gradient . Figure 2 shows t he surface and 700 rnb streamline 
charts for a typical day during the northeast monsoon. The air mass is 
warmed and dried by its passage over the northern mountains and its descent 
into the plains of India . As the surface air starts its southwestward pas-
sage over the Arabian Sea it is onl y slightly cooler in the lowest few meters 
than the water. A strong s ubs idence inversion usually occurs in the l owes t 
- 9-
100 to 500 meters above the surface. The air is dry with only a trace of 
cirrus clouds present . As t he air moves over the water, water vapor is 
accumulated by the air and cumulus clouds are formed after a passage of 
s everal hundre d kilometers. Eventually , the air reaches the equatorial 
convergence zone, is lifted, and its water vapor precipitated. The sub-
sequent graphs and tables show the changes in the fluctuations of tempera -
ture, water vapor, turbulence, and f luxes a s t he air mass moves from the 
west coas t of India to the equatorial zone. 
The vertical distribution of mixing ratio, potential temperature, 
and wind s peed is given in Figure 3. The ordinate is given in percentages 
of the height of the base of the subsidence i nversion. This ordinate 
was chosen since the height of the inversion varies greatly from day to 
day. If height was used as the ordinate, the characteri stics of the 
boundary layer and the invers i on would be smoothed out and only a simple 
decrease i n mixing ratio and increase in potential temperature would appear 
on the plot. Data for the graph were taken in the region from 100 to 200 km 
from the northwest coast of India. This selection excluded soundings con-
fused by the strong sea breeze off the Indian Coast, and soundings that were 
essentially land- formed radiational inversions . The graph thus gives the 
condition of the air mass, well away from land disturbances, as it starts 
its s ou thward passage over the Arabian Se a . It is seen that the potential 
temperature increases by about 2C in a few rr.€ters at the t op of the 
boundary layer. The mixing ra tio drops rapidly through the i nvers ion to a 
minimum at the 150% level. The wind shows the usual increase in speed 
with height to the top of the boundary layer. Above the layer, it varies 
in a different pattern according to the changed pressure gradient. 
2. Fluctuation Statistics 
Averages of the r oot-mean-square values of the vertical and horizontal 
components of the turbulent wind , of the specific humidity and the tern-
perature fluctuation, and the fluxes of sensible and latent heat and momentum 
have been formed for the various levels of the atmosphere and presented in 
Table D. These are presented graphically in Figures 4 and ~· Here again 
the ordinate used is the percentage of the height of the base of the subsi-
dence inversion. These averages are based on all the measurements made and 
hence include values made close to the coastline and in the equatorial region. 
The r-rn-s values of the vertical velocity show only a small decrease with 
height through the boundary layer and in the air above t he i nversion. The 
averages are rather small and similar in magnitude to those measured previously 
(Bunker, 1955) in the northeast trade winds of the North Atlantic Ocean. 
To show this comparison Figure 5 is presented. Here, values of the r-m-s 
vertical velocity,~' from several oceanic regions of the world are plotted . 
The values observe d in the Somali jet region will be discussed l ater . The 
curve plotted from the North Atlantic westerl i es region represents an extreme 
of high winds and intense heating of the air by a warmer sea surface. In 
the present case of t he northeast monsoon, the heating from below is small 
and limited t o the lowest 30 me t ers. At best , t he surface air has a poten-
tial temperature that is only a fraction of a degree warmer than the air at 
50 meters . This small temperature difference is insufficient to set up 
any organized convection currents buy may augment the t urbulence generated 
mechanically. 
The height variation of the vertical ve locities observed over 
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different regions of the Indian Ocean are presented in Figure 6. The series 
designated with a dash-dot-line was measured within 100 kilometers of the 
west coast of India. It shows an irregular increase with height to 300 meters 
and then a decrease. Much of the irregularity arises from the varying dis-
tances from the shoreline at which the observations were made. The values 
drawn with a dotted line were made 100 km to 200 km from shore. The magni-
tude of the turbulence is much less in this region. The full line indicates 
the data observed over the Arabian Sea at distances greater than 200 km. The 
magnitude of the vertical velocity rises to 50 em sec-1 at the 100 m level 
and then decreases slowly to 35 em sec-1 above 400 m. It is believed that the 
excess of turbulence in this region in comparison to other regions is caused 
by the action of cumulus clouds whose bases are quite low. The dashed line 
denotes observations made in the equatorial region. Here the turbulence is 
moderate and closely resembles the turbulence observed in the Atlantic trade 
wind region. 
The horizontal turbulent component of the air is also moderate but 
slightly greater than the vertical component. Near the surface of the 
water, the vertical velocities are suppressed and much of the turbulent 
energy presumably is contained in the horizontal component. Near and above 
the inversion the stability of the air again suppresses the vertical component 
and the horizontal component is greater. 
Figure 7 presents the vertical variation of the root-mean- square 
values of the temperature and the specific humidity . The values of the 
temperature fluctuations are moderate at all levels. The specific humidity 
values show the greatest fluctuations in the region of the inversion where 
the gradients are largest. 
3. Turbulent Transport of Heat, Water Vapor and Momentum 
Averages of the sensible heat flux, cp ;OW 'T' are presented in 
Figure 8. In t he lowest 25% of the boundary layer s e nsible heat is transported 
upwards. Above this level the heat is transported downwards. This distri-
bution is typical of subsiding air masses moving southward ove r warmer sur-
faces. It was observed by Bunker ( 1960) in r egions off the east coast of 
North America. The magnitude of the flux and height at which the heat f l ux 
reverses depends upon the decrease in potential temperature i n the lowest 
layer and the height at which the potential temperature reaches a minimum. 
Here the minimum potential temperature is only a fraction of a degree below 
the average in the layer and occurs close to the water surface . Above the 
minimum, which is bare ly recognizable in Figure 3 because of its small 
magnitude, the flow of heat is downward. Thus , the lower air is being heated 
both by the waters of the Arabian Sea and by transpor t from the warm subsiding 
air aloft. 
The flux of the latent heat of condensation of water vapor shown 
in Figure 8 is upward at all levels except the highes t l evel whe re a small 
negative value is indicated. The magnitude of the f l ux is great and indicates 
an amount of water vapor flux that is significant in terws of supply ing the 
general circulation of the atmosphere with energy. The role of this energy 
supply will be discussed later. Locally , this transport is important in 
that it rapidly fills the air below the i~version with water vapor . When the 
air near the inversion base is saturated , cumulus clouds are formed and the 
process of the breakdown of the inversion begins. Bunker and Chaffee (1968 ) 
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prese~t charts showing the formation of cumulus clouds in the r egion around 
12 N. Once the inversion is broken down, the cumulus carry the water vapor 
to greater heights and eventually a thick layer of moist air is formed. 
The preceding figures were drawn from averages over all regions of the 
Arabian Sea and the equatorial region of the Indian Ocean. Averages are formed 
and presented in Table E for four distinctive regions of the Indian Ocean. 
The averages are also grouped by two height ranges, 0 to 50m and 50m to lOOm. 
In the case of the sensible heat flux for the 0 to 50m height range, it 
is seen that all heat fluxes are directed upwards. There are minor variations 
between the groups. The flux is greatest near the west coast of India and 
least in the equatorial region. Other differences are small and probably 
represent sampling variations. In the 50m to 500~ layer, the fluxes are all 
downward and show the same small regional and sampling variations. 
The averages of the latent heat fluxes are all positive with regional 
and height range variations in magnitude. Near the western coast of India 
the fluxes are greatest in the lower level with a large drop at the higher 
level reflecting the suppression of transport by the temperature inversion. 
Over other regions of the Arabian Sea and along the equator the· fluxes are 
less. They are maintained throughout a greater height range since the inversion 
is weaker or broken in these regions. The maintainanc.e of high flux rates 
along the air trajectory is very significant in that it ensures that large 
amounts of water vapor are fed into the equatorial convergence zone. 
The five turbulence records made at 4375m on 20 February 1964 describe 
the conditions near and in an active equatorial convergence zone. The first 
two runs were made west of the area where the cumulus activity was greatest. 
Only small cumulus and a few octas of cirrus were present . The records show 
that the air was smooth, the variations of temperature and humidity were small, 
and the fluxes of sensible and latent heat were all less than 0.06 meal cm- 2sec-l 
The next two runs were made within a stratus cloud probably formed by the spread-
ing out of cumulus towers. Here, the turbulence , the temperature and humidity 
variations, and the fluxes were all greatly increased. The fifth run was made 
through an active cumulonimbus tower. In the tower the~ exceeded 100 em 
sec-1, the temperature and humidity fluctuations were large, and the sensible 
and latent heat fluxes were - .42 and 2.70 meal cm-2 sec-1 respectively. 
•/. )I"' The values of shearing stress,-;o~a{~sp;are presented in Figure 9. These 
values must be interpreted with caution as described in Section I. Averages 
were formed from only those measurements made while the aircraft was flying 
upwind. The average stress in the air under the inversion is seen to be about 
0.7 dynes cm-2. This value is higher than would be computed using the 
equation: f :: c D jJJ..lf!, (
6
) 
Using a drag coefficient, CD, of 0.001 and a mean speed in the layer of 
5m sec-1,~=0.4 dynes cm-1. Thus, the stresses determined by the covariance 
method appear to be too high by a factor of nearly 2. 
B. Southwest Monsoon Season 
1. Meteorological Background 
The most pronounced and important feature of Indian weather is the south-
-13-
TABLE E 
Averages of Sensible and Latent Heat Fluxes during the Northeast Monsoon 
Area Sensible Heat Flux Latent Heat Flux 
0 to 50m 50m to 500 m 0 to 50m 50m to 500m 
meal em-
All regions +.10 
-.21 3 . 08 2 . 01 
0-100 km offshore +.14 
-.27 4 . 02 1.07 
100-200 km offshore +.08 -.15 4 . 39 1.80 
Arabian Sea +.11 
-.23 1.45 5 . 03 
Equatorial Region +.04 - . 14 2 . 64 2 . 39 
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west monsoon that blows continuously from June through September despositing 
large amounts of rain upon the land. Typical surface and 700 millibar 
streamline charts are presented in Figure 10. The surface chart shows the 
broad flow of air northward across the equator and northeastward across the 
Arabian Sea onto the Indian peninsula. The strength of the winds is indicated 
by isovels (dashed lines) for each 10 knots. The 700 mb chart shows the 
same general flow pattern. Above about 500 mbs, depending on the geographical 
position, the wind reverses and blows from the east. 
The air-sea interactions are different over the eastern and 'vestern 
parts of the Arabian Sea. Off the coast of Somalia the stress of the wind 
transports the surface water to the east and cold water rises from below 
to replace the warm surface water . The body of cold water in the west cools 
the lower levels of the atmosphere. As the air leaves the region of cold 
water, it receives heat from the warmer water to the east. Thus the western 
region is characterized by strong localized cooling and heating while the 
eastern region is more homogeneous. The two sections are analysed separately 
with the 65 E meridian used as the separation line. 
2. Average Meteorological Conditions Over the Eastern Arabian Sea 
Averages of the potential temperature, mixing ratio, and wind speed have 
been found for many height ranges and presented in Figure 11 . In the lowest 
150 meters the air averages out to be exactly neutrally stable . The indivi-
dual aircraft soundings show several very slight positive and negative verti-
cal gradients of the potential temperature. These gradients are so small 
that they _are within the error range of the dynamic temperature corrections, 
and it cannot be stated definitely that they are real. The air is slightly 
stable from 150m to the 500~ level and more stable above 500m. The mixing 
ratio has a negative gradient at all levels . The average wind speed increases 
with height to the 1100 meter level and then varies irregularly . The wind 
profiles shown in Figure 18 should be studied to see the large variations of 
the wind speed with height and geographical location. In vie'v of these large 
variations, the average wind speed curve is seen to have limited usefulness. 
The cloud cover increases from west to east over the Arabian Sea, At 
60 E there is an average of 3 octas of cumulus clouds with an average height 
of 1600 m. Near the coast of India, there are 4 octas of cumulus and cumulus 
congestus with a height of 2400 meters. Cumulonimbus clouds near the coast 
of India reach an average height of 8200 meters . Only a few isolated showers 
were observed near 60 E while near India frequent heavy showers were encoun-
tered . 
3. Fluctuation Statistics Over the Eastern Arabian Sea 
The turbulence statistics obtained over the eastern Arabian Sea between 
9 August and 9 September 1964 are presented in Table F. During this month 
of observing, the monsoon was slowly diminishing in s trength and t he breaks 
in the shower activity became more frequent and of longer duration. The 
"retreat" of the monsoon began during the last week of September~_·-------- _ 
----------------
TA
BL
E 
F 
T
ur
bu
le
nc
e,
 F
lu
ct
ua
ti
on
, 
a
n
d 
Fl
ux
 S
ta
ti
st
ic
s 
O
ve
r 
th
e 
A
ra
bi
an
 S
ea
 E
as
t 
o
f 
65
° 
E 
-
-
-
-
-
,Pw
1
u
 1
 (c
os
)-
~ 
H
ei
gh
t 
N
o,
 
o
-w
 
<
Ju
 
<
IT
 
v
q
 
c
pp
w
1 T
1 
L 
w
1
q
1 
m
 
em
 
s
e
c
-1
 
em
 
s
e
c
-1
 °
C 
2g
m
 m
-3
 
m
e
a
l 
cm
-2
 
m
e
a
l 
em
-2
 
dy
 e
m
-2
 
N
o,
 
s
e
c
-1
 
s
e
c
-1
 
25
 
16
 
41
 
49
 
.
08
 
.
28
 
-
.
06
 
2.
26
 
1.
9 
3 
75
 
6 
45
 
60
 
.
08
 
.
19
 
+
.1
2 
+
. 7
0 
3.
1 
1 
15
0 
21
 
45
 
47
 
.
06
 
.
19
 
•
 04
 
1.
16
 
l.
5
 
4 
25
0 
4 
42
 
40
 
.
09
 
.
37
 
-
.
17
 
2.
 77
 
1.
1 
2 
I 
40
0 
53
 
37
 
41
 
.
10
 
.
28
 
-
,
04
 
.
48
 
0.
3 
23
 
I-
' 
ll1
 
I 
62
5 
37
 
38
 
47
 
.
11
 
.
27
 
.
00
 
,
18
 
0.
6 
2 
87
5 
2 
29
 
39
 
,
05
 
.
47
 
-
.
03
 
.
20
 
-
0 
25
00
 
15
 
58
 
35
 
.
12
 
.
33
 
.
02
 
-
.
14
 
0.
2 
1 
37
50
 
9 
29
 
26
 
,
05
 
.
18
 
-
.
03
 
-
.
20
 
0,
1 
3 
-16-
The respective columns give the height, number of observations, averages 
of the vertical and horizontal root-mean-square turbulent velocities, the 
temperature and specific humidity fluctuations, the sensible and latent heat 
transports and the shearing stress. The last column gives the number of obser-
vations used in obtaining the averages of the shearing stress. Only stresses 
obtained while the aircraft was flying upwind were used for the averages. 
The height variation of the root-mean-square values of the vertical and 
horizontal turbulent velocities, the temperature fluctuations, and the speci-
fic humidity fluctuations are presented in Figures 12 and 13. The vertical 
velocities,~ have values in the 40's in the lowest layers where the air is 
neutrally stable and the turbulence is generated solely by the mechanics of 
the flow of air over the water surface . Higher in the atmosphere the air is 
stable and the turbulence is damped. A high value of 58 ern sec-1 was observed 
in the 2000 to 3000 meter layer. Here many observations were made penetrating 
cumulus clouds . A maximum~ of 174 ern sec-1 was observed on one run through 
cumulus clouds . If penetrative runs and non-penetrative runs are grouped 
separately and averaged, it is found that 85 ern sec -1 is the average for cloud 
runs and 30 ern sec-1 is the average for runs outside of cumulus clouds. 
The root-mean-square values of the horizontal turbulance,Q]L, are 
greater than the values of~ at the lower levels of the atmosphere and 
less than~ at the higher levels . In the case of the traverses through 
the cumulus clouds, the average O)LL is only 33 ern sec-1 The large excess 
of vertical turbulence over horizontal turbulence undoubtedly occurs since 
the buoyancy of the clouds i s the generating force of the turbulence and the 
vertical wind shear is not very great. 
Figure 13 presents the fluctuation values of temperature and rn~x~ng 
ratio. None of the values are very high as might be expected from the small 
gradients. The~q's observed in the cloud traverses are surprisingly low. 
No study of this question has been made but it is supposed that the values 
result from rather thorough mixing of environmental air entrained into the 
clouds. 
4. Turbulent Transports Over the Eastern Arabian Sea 
The average values of the sensible and latent heat fluxes for several 
height ranges are presented in Figure 14. The sensible heat fluxes are all 
rather small with a zero average in the lowest 300m, and a -0.01 meal cm-2 
sec-1 average for the entire layer to 4500m. Thus, the exchange of sensible 
heat between the ocean and the atmosphere over the eastern Arabian Sea has 
little, if any, effect upon the monsoon circulation. 
The occurrence of positive sensible heat fluxes between 50 and 200 meters 
can be traced to observations made south of about 15 N. In this region, the 
westerly wind frequently has a component from the north. When this occurs, 
the air moves toward water that is a few tenths of a degree warmer. See 
Miller and Jefferies (1967). This slight difference in temperature may be 
sufficient to cause an upward flow of sensible heat in the lowest layers. 
Twenty-four runs were made in this region with northwest winds . The average 
upward flux of these runs was 0.13 meal crn-2 sec-1 The average sensible 
heat flux averaged over the eastern Arabian Sea between 0 and 200 meters, 
exclusive of these 24 runs, was -0.13 meal cm-2 sec-1. 
-17-
In the cloud layer, the sensible heat flux is positive with average 
of 0,02 meal cm-2 sec-1 This average does not arise from a consistent 
upward flux of heat by the clouds and a downward transport of heat by the 
environmental air. Rather, both the clouds and the environmental air show 
large individual positive and negative fluxes, In the clouds, the fluxes 
range from +0 .69 to -0.44 meal cm- 2 sec-1. One should not attempt to inter-
pret these data without considering the spectral limitations of the measuring 
system, It was pointed out earlier that only one minute runs were reduced, 
and contributions by gusts greater than about 2.4 km are lost, Thus, a 
significant amount of heat and water vapor may be transported in the cloud 
layer by larger scales of motion. 
The latent heat fluxes are much larger at all levels than the sensible 
heat fluxes, and have a significant influence on the monsoon circulation and 
weather which will be discussed later . The fluxes are high at the lo,.;rest 
level, averaging 1.6 meal cm-2 sec-1 below 300 m, decrease rapidly above the 
300m level, and become negative above 2000m. One characteristic of the latent 
heat flux determination is the wide range of the individual values, In the 
lowest 300 meters of air over the eastern Arabian Sea, the 47 individual 
measurements range between +8.3 and -0.41 meal cm-2 sec-1, The question 
arises as to whether this variation is an intrinsic characteristic of water 
vapor flux through the atmosphere or merely the result of an unstable, noisy 
measuring system. It was pointed out earlier that the mean of the measured 
fluxes were 20 to 25% smaller than the mean measured by other groups using 
different techniques. Such agreement is consistent with the restricted 
spectral range that the system can measure and the probable error, ± 0.18 
meal cm-2 sec-1, of the meanL w'r/ for the 47 observations in the lowest 
300 meters. 
The individual 1/5 second values of the vertical velocity and the 
specific humidity, which are printed out by the computer, have been scanned 
carefully for clues to the source of the variation. Runs with extreme values 
ofLu/fwere inspected for reading or instrumental errors. Only a few minor 
errors were detected and corre~d. After correction and recomputation~ it 
was found that the values ofLwrt'were changed by only a small percentage 
of the original values, and the large deviations remained. Suspiciously 
large deviations of the specific humidity were checked against the aircraft 
psychrograph record. In cases where the deviations lasted for more than a 
few seconds, the slower recording psychrograph confirmed the existence and 
magnitude of the deviations. 
If the specific humidity variations are correct, and if there is any 
error, then it must lie in the vertical velocity amplitudes or correlation 
with the humidity fluctuations . A check of the records shows that the 
values of ~ are o~lv slightly greater than normal in the cases of runs 
with extremes of LAII~' . Therefore, if an error is present, it must be 
associated with the ~hasing of the vertical velocities with the humidity 
variations. The nature of this phasing error would be such as to sometimes 
greatly increase the correlation coefficient between w' and q 1 , and at other 
times make it go negative. If the vertical velocities were erroneously 
phased in some manner, then it would be expected that the sensible heat 
-18-
l --,-, 
fluxes would be similarly modified. A plot of all the values of LJU) ~ 
versus cp;>u.r'T 1 over the entire Arabian Sea for the 0 to 300 rn height: range 
show~at the downward flux of sensJJLLe heat is greater for the extremes 
of Lwt' regardless of whether the Lu.r'f values are positive or negative . 
Thus, an erroneous phasing is ruled out as a source of the variation. Fur-
ther, inspection of the print-outs of the fluctuation data shows that: most 
of the latent heat flux is transported by gusts of several seconds duration. 
Phas ing errors would be smaller for these large gusts than for the smaller 
gusts of a few tenths of a second duration. Therefore, it is concluded that 
no erroneous phasing occurred and that the observed extremes are true varia-
tions of the flux through the atmosphere within the spectral range of the 
system. 
The individual fluctuations of w' and q 1 for Run 4650 , the run with 
the greatest flux, were inspected for a clue to the manner in which the 
lar ge variations are produced. It was found that most of the water vapor 
was transported by three clear -cut upward gusts with high humidity and one 
downward gust of dry air. These four gusts totaled 27% of the time but 
accounted for 92% of the w·ater vapor flux. Other runs with large fluxes 
have a few strong gusts that carry most of the heat and water vapor. Thus, 
the variation appears to be a sampling problem related to the size , number, 
and strength of the gusts . 
Another factor that should not be overlooked is the local and short 
period variations of the humidity and temperature vertical gradients. In 
a turbulent atmosphere, the instantaneous gradient is rarely the same as 
the mean gradient, and may have the opposite sense for short periods of time. 
This was demonstrated by the three-aircraft traverses through the trade winds 
east of the Bahama Islands (Bunker, 1962). These flights also showed that 
an excess of water vapor frequently occurred at the top of the friction 
layer . All of these factors would contribute to large variations of fluxes 
measured over short periods of time or distance . 
The latent heat fluxes in the 2 to 3 kilometer height range, where 
several cumulus clouds were penetrated , have an average of -0.14 meal cm-2 
sec -1. When the runs are separated into runs that penetrated cumulus clouds, 
and those that did not , and averaged, it is found that the average of the 
penetrative runs is +0 .40 meal cm-2 sec-1 , while the non-penetrative runs 
averaged -0.50. The individual fluxes for. the penetrative group ranged from 
-6.2 to +3 .6 meal cm-2sec-l. The non-pene trative group had values ranging 
from -2 . 9 to +1.3 meal cm-2 sec-1 
The spectral limitations of the system are particularly obvi ous in the 
cloud layer since a considerable portion of the vertical transport of heat, 
water vapor and momentum quite obviously is carried by long-period convective 
motions. Thus, there must be a large component of f lux that the system fai ls 
to r ecord. 
On 22 August, 1964 \vhen the majority of the cloud runs were made, one 
engine of the aircraft developed magneto trouble. As a result , it was decided 
to go around one particularly large, active cumulus cloud that lay on the 
s traight-line course of the aircraft. Omission of this cloud biases the 
statistics of the clouds discussed in the next section. For what little it 
is worth , the author estimated that the G)1r in the cloud might have been 
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250 + 50 em sec-1• The latent heat flux must have been very large , since it 
appeared to be a young, growing cloud. 
The shearing stresses measured while the aircraft was flying upwind 
averaged 1.9 dynes cm-2 in the lowest 200 meters of the atmosphere . This 
average is based on only 8 measurements . By comparison, the stress computed 
from a drag coefficient of 0,0015 and the square of the average wind speed 
is 0.9 dynes cm-2 Above the 300 meter level, the value of the stress de-
creases rapidly to a few tenths of a dyne cm-2. 
5. Meteorological Conditions Over the Western Arabian Se a 
The western Arabian Sea is a region of strong contrasts, and great air-
sea interaction which has profound effects upon both the atmosphere and the 
sea. The most outstanding interaction sequence in the area is (a) the 
build-up of an atmospheric shearing stress on the water as the southwest mon-
soon develops, (b) the offshore movement of the surface water under the 
influence of the stress, (c) the replacement of the surface water by cold 
upwelling water, (d) the cooling of the air by the cold water, (e) the 
development of a strong thermal wind jet as a result of the cooling of the 
air, and (f) low level convergence of the air in the eastern Arabian Sea 
as the thermal wind jet breaks down. The different aspects of these processes 
have been the subject of many recent papers. See Bunker ( 1965), Warren, et. 
al. (1966), Swallow and Bruce (1966), and Col6n (1964). 
Instead of presenting averages of temperature and humidity in this 
heterogeneous region, a potential t emperature cross-section, two dropsonde 
records and several wind profiles are presented to demonstrate the meteoro-
logical conditions. Figure 16 is the cross-section constructed from 5 drop-
sonde records and the aircraft ascent and descent. The cross-section is 
roughly perpendicular to the wind. See Figures 1 and 10. The aircraft 
track did not pass over the co ldest portion of the upwelling water which is 
closer to the Somali coast . The effect of the cold water upon the air tempera-
ture is very apparent. Figure 17 shows the temperature and mixing ratio 
distributions in the region of the coolest air measured and in the region 
about 250 kilometers to the southeast . In addition to the intense cooling 
of the air, it should be noted from the record of the 1030 GMT dropsonde that 
the air had lost considerable water vapor. It is presumed that the water 
vapor condensed directly on the surface of the cold water which had a tempera-
ture of only 14C nearer the shore . 
To show the winds which vary greatly in speed with height and location 
over the Arabian Sea, 8 profiles are presented in Figure 18 . The strong jet 
off the Coast of Somalia and its slow dissolution to the east is clearly shown. 
South and north of the main jet region, the profiles show irregular height 
variations and moderate speeds. 
6. Fluctuation Statistics Over the Western Arabian Sea 
The averages of the fluctuation and flux values over the western Arabian 
Sea have been collected in Table G. The parameters and their arrangement are 
the same as for Table F . Figure 19 presents a plot against height of the 
of the values o-ur and ~u- The values of ·GIL are generally in the SO's 
and reach an average of 62 em sec-1 in the 300 to 500 meter height range. 
These values are greater than those observed over the eastern Arabian Sea and 
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show a different variation with height. The higher values in the 300 to 750m 
height range is attributed to the existence of large wind shears associated with 
the high velocity jet at 1 kilometer. The difference in variation of the turbu-
lence with height between this case and other cases r epresenting different 
turbulent processes is shown in Figure 5. On this diagram, the variation between 
individual runs at a given height within the Somalia Jet , is indicated by a 
bar. The steady increase in turbulence to the 545 meter level is seen to be 
quite different from the other observed cases. The observations of 14 January 
1955 were made under conditions of great instability in the lower layers ~nd 
strong winds. The trade wind averages are characteristic of weaker winds, and 
nearly neutral stability. 
The values of GL:L are 38% greater than the average of Uw . This 
excess is believed to be associated with the high wind velocities and wind 
shears. During the northeast monsoon and over the eastern Arabian Sea during 
the southwest monsoon, the wind speeds and shears are more moderate and the 
excess of q-VL over a-us amounts to about 16%. 
Figure 20 presents the plot ofOT and ~ versus the height. These 
curves show rather small random variations with height. The magnitudes are 
nearly the same as those observed over the eastern s ection of the Arabian Sea. 
Both the sensible and latent heat fluxes are direc t e d downward below the 
100 meter level as shown by the tabulated values and Figure 21 . Above the 
100 meter level, the latent heat fluxes become positive while the sensible 
heat flux remains downward . The downward flow of sensible heat is the direct 
result of warm subsiding air flowing over the cold upwelling water off Somalia . 
The pair of dropsonde records presented in Figure 17 shows the large amount of 
heat that has been exchanged between the air and the s ea water . A rough 
calculation of heat transfer from the lowest 400 meters of the atmosphere to 
the ocean shows that about 50 calories are lost in about 2 X 104 seconds . 
Hence the sensible heat flux is about 2.5 meal cm- 2 sec-1. This value is 
about ten times as high as the value observed by the aircraft covarience method. 
The difference is not too surprising, since the aircraft values were not 
measured over the coldest water which is found close to the shoreline . 
The downward flux of water vapor in the lowest layers is an indication 
that the cold upwelling water acts as a sink rather than a source of water 
vapor. As the air leaves the coast of Somalia, it has a dewpoint of about 
20C, although the relative humidity is fairly low. When this air encounters 
the 12C upwelling water, the water vapor condenses on the water surface. A 
positive gradient of mixing ratio is quickly established and a negative flux 
of water vapor results. At higher levels, the atmosphere apparently is not 
influenced by the cold water, and the mixing ratio gradient remains negative. 
The depletion of water vapor from the atmosphere is shown in Figure 17 by the 
mixing ratio curve of the 1130 GMT dropsonde at 11 N, 52.3 E. 
The shearing stresses in the region off Somalia are of the greatest 
meteorological interest. It is regretted deeply that more confidence cannot 
be placed in the measured values, and that the many crosswind and tailwind 
values cannot be used. The fourteen values measured while flying upwind show 
that much higher values of the stress occur in this region of the Ar abian 
Sea than in other regions~ The average for the 0 to 500 m layer is 2 . 6 dynes 
cm- 2• None of these runs were made in the level where the winds were 
strongest. The height variation of the stress , Figure 22, shows t hat the 
-22-
stress continues to increase up to the 500 m level . This increase is in 
contrast to the curve for the eastern Arabian Sea , Figure 15, which decreases 
to 0.3 dynes cm- 2 in the 300 to 500 m layer. The high value in this layer 
over the western part is believed to be associated with the high velocity 
jet and the strong velocity gradients . 
7. Regional Variations of the Tur bulence and Fluxes over the Arabian 
Sea During the Southwest Monsoon 
Averages have been formed and plotted by 5 degree squares of the values 
observed in the lowest 475 meters of the atmosphere during the southwest 
monsoon. In the case of two squares, the 50-55 E, 10-20 N square and the 
55-60 E, 5 N-10 N square, no observations were made below 475 meters, so 
averages of values in the 500 to 600 meter range were included on the charts. 
The first set of averages, presented i n Figure 23, gives the distribution 
of the vert ical component of the turbulent velocity . A region of maximum 
turbulence extends northeast across the Arabian Sea fr om the coast of Somalia 
t o the coast of Northwest India. This band of turbulent air coincides 
roughly with the axis of the velocity maximum of the monsoon winds. Presuma-
bly, the excess turbulence is associated with the higher wind speeds, since 
t he stability of the air is slightly greater within this band. 
The second chart, Figure 24, shows the distribution of the sensible 
heat flux over the Arabian Sea. In the west over the cold upwelling water , 
the heat fluxes are directed downward as might be predicted. Between 55 
and 60 E the heat flux is directed upward . This upward flow of heat must 
be associated with the readjustment of the cooled air to the warmer water 
of the Arabian Sea. The aircraft psychrograph records showed that the air 
was still stable in this region above lOOm, but an unstable lapse rate may 
have existed below 100 meters, the lowes t level to which the aircraft descend-
ed. 
East of 60 E, the heat fluxes are directed downward again. Exceptions 
to this generalization are the regions south of 15 N along the coast of 
India. These positive fluxes have been noted earlier, and related to the 
f l ow of air from the northwest to areas where the water was a few tenths of 
a degree warmer . 
The distribution of the latent heat flux over the Arabian Sea is 
presented in Figure 25. Over the western part of the sea, the latent heat 
f l ux is small or negative , while eas t of 65 E, all of the averages are positive. 
The negative values near the coast of Somalia are consistent with the decrease 
in mixing ratio observed by the dropsonde and the aircraft psychrograph. 
Between 60 and 65 E, negative values were also observed. These values are 
incons i stent with the mixing ratio gradients observed by the aircraft, and the 
l atent heat fluxes computed by Suryanarayana and Sikka ( 1965) of the Internation-
a l Meteorological Centre at Bombay from ship reports. Si nce 14 runs were made 
in this area, it is hard to explain the negative values as sampling error. 
Of the 14 runs, 7 yielded small positive values, while the other 7 gave larger 
negative values. The records have been searched for errors , but the few that 
were found did not change the results significantly. The microwave refractometer 
used to measure the humidity variations showed high fre quency variations of 
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large magnitude on the two days that the aircraft was observing in the 60 
to 65 region. Several records were reread after drawing a smooth line through 
the high frequency variations. Computation using these smoothed values gave 
negative fluxes, with essentially the same magnitude . Thus it is concluded 
that the negative fluxes are real. 
If one accepts the negative fluxes as real, then the question arises 
as to why the moisture flux was downward in this region on these two days. 
The streamline charts indicate a normal southwest flow of air with no unusual 
features. Similarly the aircraft psychrograph shows a normal horizontal and 
vertical distribution of the humidity and temperature. Inspection of the 
computer print -out s of the individual fluctuations shows how the negative 
fluxes were produced. In all of the runs with negative fluxes , several sus-
tained updrafts of dry air and susta ined downdrafts of moist air were observed. 
Such a distribution of vertical velocity and moisture could come about by a 
local, temporary layering of moist air above drier air. 
Vertical gradients of dewpoint temperatures were measured hourly by 
R. Stanley from the R/V Atlantis II in August and September 1963 , using a 
dewpoint hygrometer. It was found that in the reg ion between 15 and 20 N 
and 55 and 65 E, positive gradients of dewpoint temperatures were observed 
25% of the time. The average dewpoint temperature difference between 5m 
above the sea to 23m was -0.4C for the 60 to 65 E region, and -0.7C between 
55 and 60 E. The average of the positive gradients between 60 and 65 E was 
+0.4C per 18m. The greatest positive gradi e nt observed was +1.6C per 18m. 
The hourly observations preceding and following this large positive gradient 
were both negative gradients. 
Most of the positive gradients were observed as s ingle occurrences, but 
one case of 4 consecutive positive gradients and 2 case s of 3 consecutive 
positive gradients were observed . Thus it is seen that reversals of the 
normal water vapor gradient occur in the lowest 23 meters above the sea in 
this area. 
The water temperature in t he area varied from 27C near 65 E to 25C- near 
60 E. The dewpoint temperatures at the 5 meter level averaged about 24C. 
Therefore, there must have been a negative water vapor gradient in the l owest 
5 meters. This layer of negative gradient is overlain by a layer which 
normally has a negative gradient but which frequently has its gradient re-
versed by invasions of drier air . These intrusions of drier air must be 
moistened rapidly until the normal gradient is restored. At some later time 
the moist air is displaced by another intrusion of dry air. This sequence 
of intrusion, moistening, and displacement is the equivalent of a large-
scale upward transport process of water vapor. It appears, then, that the 
aircraft flux system is measuring the small-scale moistening of the dry air 
intrusions by the moist air aloft. Most of the moistening of the dry air is 
probably accomplished by the small-scale turbulent transport operating in the 
lowest 5 meters. The major upward transport above the 5 meter level is 
achieved by large-scale, intermittent processes . When this is realized, it 
is seen that no discrepancies exist between the aircraft measurements, the 
fluxes computed from the ship reports, and the Atlantis II gradients. 
It is clear from this discussion that the airc raft system cannot yie ld 
reliable values of the evapor ation from the sea surface under conditions where 
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large-scale reversals of the water vapor gradient occur at low levels. 
The aircraft system in conjunction with gradient measurements from ships 
does help to give a more complete picture of the processes operating in these 
unusual areas. 
The shearing stresses observed while the aircraft was flying upwind are 
presented i n Figure 26. Unfortunately, no values were recorded west of 60 E 
where the Somali jet occurs. Between 60 and 65 E where the jet is still strong 
the stress averages 2.5 dynes cm-2. East of 65 E, the stress decreases to 
a little over 1 dyne cm-2. This decrease is consistent with the decrease in 
the wind speed near the Indian coast. 
IV Significance of Turbulent Fl uxes in Relation to the Monsoon Circulations 
and Weather 
One of the aims of the International Indian Ocean Expedition was to observe 
the interactions between the ocean and the atmosphere and to evaluate the degree 
to which one medium influences the circulation of the other. The oceanographers 
have made extensive measurements of the currents and the physical and chemical 
properties of the Indian Ocean which show the influence of the atmosphere upon 
the ocean. The present body of heat, water vapor and momentum fluxes are now 
examined to determine the influence of the ocean upon the two monsoon circulations 
and weather. 
1. Relation Between the Northeast Monsoon and the Turbulent Fluxes 
The winds of the northwest monsoon ~2e moderate in strength and exert 
a shearing stress of less than 1 dyne em· on the waters of the Arabian Sea. 
This stress, in combination with thermo-haline forces, causes a weak , irregu-
lar flow of surface water to the south and west. See Wooster , Schaefer , and 
Robinson (1967). In the northern Arabian Sea, the currents are weakest and 
most irregular with many northwest currents observed. No regions of upwel l ing 
are indicated by the temperature charts , but surface nutrient charts suggest 
weak upwelling along the east and north shores of the Arabian Sea. 
The turbulent flux measurements show that in the lowest 50 meters of t he 
atmosphere , sensible heat is being transported from the sea to the air at a 
rate of 0.1 meal cm- 2 sec- 1 Above the 50 meter level , heat is transported 
downward from the warm subsiding air aloft at a nearly equal rate . During 
the air's trajectory from 20 N to the equator , the air accumulates about 
30 calories. If this heat is distributed throughout the lower equatorial 
air to the 300 mb level, the air temperature would be increased by only 
about 0.1 C. Since it is primarily the temperature gradient between the 
equator and the subarctic regions that drives the monsoon circulation , it 
is seen that the flux of s ensible heat contributes a negligible amount of 
energy to the monsoon circulation. The small amount of heat added to the 
lower layer may have a slight effect by maintaining the turbulence at a 
greater level and thus increasing the flux of water vapor. 
The latent heat flux was seen to average about 3 meal cm-2 sec-1 over t he 
Arabian Sea. This latent heat is accumulate d in t he atmosphere and released 
in the convergence region in the vicinity of the equator. About 900 calories 
are accumulated as the air flows from 20 N to the equator . If this heat is 
released throughout t he layer from the surface to 300 mbs , the air will be 
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heated about 5 C. Comparison with the University of Washington water vapor 
fluxes showed that the aircraft turbulent flux system yielded fluxes that 
were about 25% too low. If a correction is made for this deficiency, then the ·· 
contribution of evaporated Arabian Sea water to the heating of the equatorial 
air is between 6 and 7 C. Such a heating is an appreciable contribution to 
the energy that drives the monsoon circulation. 
The turbulent exchange of energy between sea and air has two minor con-
tributions to the weather of India and the Arabian Sea in addition to the 
contribution to the driving force of the monsoon circulation. The accumulation 
of water vapor in the lower layer of the atmosphere over the Arabian Sea 
eventually produces cumulus clouds. These clouds are able to form only after 
the air under the temperature inversion becomes sat urated. Generally, a 
trajectory of 2 to 300 kilometers over the water is required before cumulus 
.are formed. Clouds appear near the coast of southern India since the air 
frequently moves from the northwest over this part of the Arabian Sea. A 
complete description of these clouds is given by Bunker and Chaffee ( 1968). 
A very strong, extensive sea- and land-breeze is set up along the west 
coast of India by the heating of the land by the sun. The details of the 
strength and extent of this system has been described by Nicholson (1965). 
While the sea-breeze system is an interesting phenomenon because of its great 
extent, it has only a minor effect upon the monsoon circulation through in-
creasing the turbulence and modifying the gradients along the coast. 
2. Relation between the Southwest Monsoon and the Turbulent Fluxes 
The stress of the southwest monsoon winds produces currents in the 
Arabian Sea which set off a chain of events that has a great influence upon 
the distribution of wind strength and weather over the Arabian Sea and India . 
The monthly surface currents charts presented by Wooster et. al ., ( 1967) show 
the rapid development of the Somali current and the circulation of water over 
the Arabian Sea. The off-shore component of the Somali current produces strong 
upwelling of cold water near the coast. Wooster's maps show the first appear-
ance of cold water in May and minimum temperatures in August. The detailed 
charts presented by Warren, Stommel, and Swallow (1966) show that water with 
a temperature of only 14C appears off the coast near Ras Mabber (9 N). 
The cold water cools the air rapidly. Estimates based on the dropsondes 
show that the heat exchange is about 2.5 meal cm- 2 sec- 1 in a limited region over 
the coldest water, This value is about 10 times the average over the Arabian Sea, ' 
About 200 kilometers offshore a band of cool air is formed which extends 
about 400 to 500 kilometers in the crosswind direction. See Figure 16. This 
band of cool air produced a thermal wind jet as shown in Figure 18. Downwind 
of the localized cold water , the air is reheated by both the warmer sea water 
and the warmer air aloft. As the air is warmed the thermal winds diminish and 
the jet disappears over . the Eastern Arabian Sea as shown in Figure 18. The slack-
ening of the winds contributes to the convergence of air measured over t he east-
ern Arabian Sea by Miller and Keshavamurthy (1968). This low- level convergence 
in turn lifts the surface air, thereby partially releasing the latent instabil i -
ty of the air. Cumulus clouds and showers are produced and the water vapor o f 
the lower air is distributed throughout a thicker layer of air. When the mon~ 
soon air finally reaches India, it is moist to 3 or 4 km. The lifting of t he 
air by the mountains releases the instability of the air, and cumulonimbus c l ouds 
can rise to greater heights because of the pre-moistened environmental air. 
Thus greater cloudiness and shower activity over the eastern Arabian Sea and a 
greater intensity of rainfall over the mountains can be traced to t he shearing 
stress of the air on the water. 
-26-
Pisharoty (1965) has shown that the transport of water vapor across the 
equator into the Arabian Sea area is about one third the transport of water 
vapor across the west coast of India. The difference in transport is made 
up by evaporation from the sea, This flux divergence corresponds to roughly 
0.3 gm cm-2 day-1 evaporation. This value agrees well with the fluxes compu-
t ed by Suryamaryna and Sikka (1965) from ship observations and with the fluxes 
presented in this report for the eastern Arabian Sea. Thus it is seen that 
the intensity of rainfall over India is very dependent upon the evaporation 
over the Arabian Sea. 
V Remarks on Special Phenomena Observed Over the Indian Ocean 
A. Cloud Lines Off the Indian West Coast 
In the course of extended observational programs, interesting phenomena 
are occasionally observed in certain regions which result from the combination 
of several independent processes . Such phenomena may have little significance 
from the point of view of large-scale circulations and air-sea interactions 
but they may be very instructive and give greater insight into many small-scale 
or regional processes of the atmosphere. 
One example of such phenomena is the c loud lines formed downwind of the 
mounta ins of India during the northeast monsoon and described by Bunker ( 1967). 
It was shown that winds blowing from the east through the mountain valleys 
produced lines of cumulus clouds and greatly increased the turbulence. In 
the article, it was not pertinent to the argument to mention that large 
values of the shearing stress were observed. From Table C it is seen that on 
19 February 1964 when the aircraft penetrated a cloud line perpendicular to 
the coast, the shearing stresses increased from a few tenths of a dyne cm-2 
to a maximum of 13 . 5 dynes cm-2. Such a large transfer of momentum can arise 
only from the rather violent uplift of high velocity air and downdrafts of low 
velocity air. This observation of a large, local transfer of momentum may be 
insignificant in terms of the momentum balance · between the atmosphere and the 
earth, but it is of value to know that such stresses can occur between local 
wind systems. 
It is noted also that the fluxes of sensible and latent heat attained 
large pos itive and negative values in this region of easterly winds. These 
values are not interpreted as true values of the turbulent flux, but rather 
as indications of localized overturning of the air. To explain these transports , 
one would have to resort to a specific vertical distribution of humidity and 
temperature in conjunction with a particular vertical velocity distribution. 
Such a description would be of little value except for explaining the present 
case. However, the fact that large extremes of fluxes can occur in regions of 
horizontal wind shears and cumulus clouds gives insight into the processes 
operating in atmosphere and aids in the interpretation of extremes observed 
elsewhere. 
B. Crosswind Variations of the Southwest Monsoon Air 
On 22 August 1964 a crosswind flight was made from Bombay to 5 . 5 N, 76.2 E 
about 100 km offshor e. Thirty-three turbulence runs were made below 500 meters 
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and 11 runs were made between 2065 and 2085 meters, several of which were 
through cumulus clouds. The surface streamlines showed a broad steady flow 
of air from the southwest with a weak 20 knot maximum extending from Somalia 
across the Arabian Sea, India, the Bay of Bengal and into Burma. No vortices 
were present over the Arabian Sea or western India. Shower activi~y was gen-
erally confined to north of 12 N. Numerous cumulus rose to 4 km with one 
observed at 5 N rising to 10 km. 
To show the relation of the turbulent fluctuations and latent heat fluxes 
to the 'larger scale variations of the monsoon air , plots of potential temper-
ature and mixing ratio against latitude are presented in Figures 27 and 28. 
The potential temperatures and mixing ratios were computed from the output of 
the recording psychrometer. For the first 5 degrees of latitude of the low-
level outbound leg of the flight , values were computed for each 20 seconds. 
The rest of the values were read and computed each 5 minutes. The numbers 
printed on the temperature trace of Figure 27 give the altitude of the aircraft. 
All other altitudes on the figure were 500 meters. Above the temperature s and 
humidities the values of CfW-- , ~ and Lw'S-,' taken from Table C are plotted. 
The bars under these quantities indicate the distance over which the turbulence 
runs extended. 
The most noticeable characteristic of the psychrometric traces is the 
wide range of values through which they fluctuate. Further, it is seen that 
they fluctuate with a wide range of frequencies or wavelengths. The distance 
between the individual 20 second points is about 1. 5 kilometers. There is 
considerable variation between adjacent points. Larger scales of variation 
show much greater amplitude, such as those at 17.4 nand 14.5 N. Notes written 
on the psychrograph strip chart show that many of these large variations are 
associated with showers and cumulus activity. The cool, moist disturbance 
at 17.4 N preceded a shower with low scud clouds. At 16.4 N the aircraft was 
in a relatively clear area and'· approaching a wall of cumulus clouds. Here 
the mixin~~atio shows considerable point-to-point variation and the increase d 
value of Olj shows that the var.~ation extended into the higher frequency range. 
During the approach to the cloud wall, and during its penetration, the latent 
heat fluxes became strongly negative. It is believed that these negative 
fluxes are an indication of subsiding moist air ejected in some manner from 
the wall of cumulus clouds. 
Figure 28 presents the psychrograph and turbulence data obtained during 
the return leg of the flight at 2075 meters. Temperatures and humidities were 
read from the trace each 5 minutes. These points show large variations with 
the largest variations associated with the penetration of cumulus clouds. 
As mentioned earlier, the largest cumulus cloud was avoided. A feature that 
did no~ appear in the low-level flight data, but which is very conspicuous 
in this higher level flight is the increase of mixing ratio with latitude and 
the decrease of potential temperature with latitude. Since showers were 
occurring over the northern section of the flight path, the cooling and moist -
ening of the air tvere produced both by a general convergence and uplift of 
the air and by the action of the cumulus clouds. 
The turbulence and fluctuation parameters show large variations along the 
flight path . The smooth runs with small variations and fluxes were in the 
clear regions between the cumulus clouds. The turbulent runs at 12 N were 
made while penetrating an active cumulonimbus cloud. The highest value of OUT 
174 em sec -1 , observed during the Indian Ocean observations , was made within ) 
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this cumulonimbus cloud. Positive latent heat fluxes of 3.6 and 2.7 mea l 
cm-2 sec-1 were observed in adjacent sections of this ac tive c loud . The 
observations at 12 . 6 N were made within a wall of cumulus clouds similar 
to the wall observed on the outbound leg at 16.4 N. Here again , large nega -
tive values of the water vapor flux were observed , suggesting that moist 
parcels were subsiding out of the cumulus clouds. 
C. Kinetic Energy Flux and Dissipation 
At a late stage in the reduction of the turbulence data , it was decided 
to determine the kinetic energy budget of the monsoon wind systems . Con-
sequently, the computer program was changed to include the transport of the 
turbulent kinetic energy by the turbulent gusts. This was done by forming 
the average value of the individual values of ~;C(K.E.) 'w ' , where ( K.E .) ' 
was defined as 3/2( u ' 2 + w12). The factor of 3/2 was use d to account for the 
lateral turbulent component which was not measure d . The flux of kinetic energy 
was computed for about half of the runs. 
The dissipation of the energy, € , was compute d from the production 
and flux since the spectral range of the turbulent measurements does not 
extend into the inertial subrange. The equation used for the computat ion is : 
E = tLZ dU t ~ - 0 e:;;;:' ( 7) 
d:l crfT c3 :e. 
Where u·k is the friction velocit~U.../ dZ is the vertical wind shear, H 
is the sensible heat flux, and de UJ/d2.. is the gradient of the kinetic 
energy flux. The terms were evaluated from average values in different layers 
for the northeast and southwe~t · monsoon systems. 
Confidence in the precision of the determination of the dissipation of 
the energy is rather low . The equation expresses the dissipation as the 
sum or difference of large quantities. Two of these quantities, the fr iction 
velocity computed from t he shearing stress, and t he flux of kinet i c energy , 
suffer from severe sampling variations. The f l ux of kinetic energy determi -
nations , while generally forming a homogeneous group of data , occas iona lly 
displays points greater than the mean by a factor of 1000, One such point 
is the flux of energy measured i n the shear zone off southern India on 19 
February 1964 . This point was not include d in the averages use d to de termine 
the dissipation. Figure 29 shows the height variation of the three terms of 
the equation and the dissipation. It is seen that mos t of the turbule.nt 
kinetic energy is generate d in the lowest 300 meter s by the shearing stress 
and the wind gradient. In the lowest 25 meters t he buoyancy of the air. 
generates a small amount of kinet ic energy. Above 25 meters the air is s table 
and kinetic energy is absorbed. The flux term shows that kinetic energy is 
transported upward away from the layer of generation by mechanical means • 
. The net result of these processes i s that the diss i pa t ion of energy is lower 
than the generation of energy by mechanical means at l evels above 150m through 
the actions of negative buoyancy and the vert i cal flux of energy. 
The energy budget for t he southwest monsoon season is presented in 
Figure 30. In t his case , the values are less certain because of wider varia -
tions in the measured t erms both near the. surface and in the. cloud l aye.r. 
The buoyancy t e rm i s negligible since the air is s l ightly s tab le . The flux 
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term is difficult to evaluate because of the wide excursions in the cloud 
layer. The conclusion reached from these values is that the energy i s dissi-
pated in the layer in which it is generated. 
No attempt is made to evaluate the energy budget in the region of the 
low- level jet off Somalia because of the scanty, uncertain data , It is 
hope d that in the future more measurements with better equipment will be 
made in this interesting and important r egion. 
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Figure 2. Streamline charts for 8 March 1964. The top 
chart shows the surface streamlines and i sovels 
which are typical of the northeast monsoon. 
The bottom chart gives the 700mb streamlines 
and isovels. 
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Figure 10. Streamline charts for 30 August 1964. The top 
chart shows the surface streamlines and isovels 
which are typical of the southwest monsoon. 
The bottom chart gives the 700mb level stream-
lines and isovels. 
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Figure 19. Height distribution of the horizontal and vertical 
components of the turbulence over the Arabian Sea 
west of 65E during the southwest monsoon. 
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fluxes over the Arabian Sea west of 65E during the 
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Fi gure 22. Hei gh t di s tribution of the shearing s t ress over the 
Arabian Sea west of 65E during the southwest monsoon . 
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